Abstract. Despite the unprecedented success of tyrosine kinase inhibitors (TKIs) in treating chronic myelogenous leukemia (CML), some patients nevertheless progress to advanced stages of the disease. Thus far, the biological basis leading to CML progression remains poorly understood. SH2-containing tyrosine phosphatase 1 (SHP-1) is reported to bind to p210 and to function as a tumor suppressor. Furthermore, its substrates have been found to be essential for p210 BCR-ABL1 leukemogenesis or CML progression. In the present study, we found that SHP-1 mRNA and protein levels were markedly decreased in patients in the accelerated and blastic phases of CML (AP-CML and BP-CML) compared to those in the chronic phase (CP-CML). In vitro, we demonstrated that overexpression of SHP-1 reduced p210 protein expression and activity in the K562 CML cell line and negatively regulated the AKT, MAPK, MYC and JAK2/STAT5 signaling pathways. Moreover, using a methylation-specific polymerase chain reaction (MSP) assay, abnormal methylation of the SHP-1 gene promoter region was found both in K562 cells and bone marrow (BM) or peripheral blood (PB) cells from AP-CML and BP-CML patients. In conclusion, our findings suggest that decreased expression levels of SHP-1 caused by aberrant promoter hypermethylation may play a key role in the progression of CML by dysregulating BCR-ABL1, AKT, MAPK, MYC and JAK2/STAT5
Introduction
Chronic myelogenous leukemia (CML) is a hematopoietic stem cell disease characterized by a reciprocal translocation between chromosomes 9 and 22, resulting in the formation of the Philadelphia (Ph) chromosome. This translocation (9;22) results in the head-to-tail fusion of the breakpoint cluster region (BCR) gene on chromosome 22 at band q11 with the Abelson murine leukemia (ABL) gene located on chromosome 9 at band q34. The product of the BCR-ABL1 fusion gene encodes a 210-kDa oncoprotein designated as p210 , which demonstrates constitutive tyrosine kinase activity (1, 2) . p210
BCR-ABL1 plays a key role in the pathogenesis of CML via its interaction with numerous molecules regulating cell survival, proliferation and differentiation (3) . Typically, CML passes through three different clinicopathological phases: a chronic phase (CP), an accelerated phase (AP) and a blastic phase (BP) (4) . Untreated chronic phase CML (CP-CML) patients eventually progress to advanced phases (AP and BP) within 3-5 years (5) . Tyrosine kinase inhibitor (TKI) resistance or blastic transformation has been found in ~15-20% of patients with CML, although the molecular mechanisms remain poorly understood (3, (6) (7) (8) . However, recent studies have demonstrated that the bulk of the genetic changes associated with progression occur in the transformation from CP to AP or BP (9) . SHP-1 or PTPN6 (also previously referred to as SH-PTP1, PTP1C, HCP or Hcph) is a non-receptor protein tyrosine phosphatase (PTP) that is predominantly expressed in hematopoietic cells and plays an important role in the negative regulation of growth-promoting signaling molecules, such as JAKs/STATs and PI3K/AKT/mTOR (10) (11) (12) . Mice deficient in SHP-1 (SHP-1 -/-and SHP-1 +/-; motheaten and viable motheaten mice, respectively) demonstrate marked myeloid proliferation (13, 14) . Moreover, SHP-1 promoter methylation causes loss of SHP-1 expression in hematological malignancies, resulting in the activation of the JAK/STAT pathway (15) (16) (17) . SHP-1 also accounts for resistance to imatinib (IM) treatment in patients with CML (18) , as it appears to be physically associated with BCR-ABL1 and is able to block BCR-ABL-dependent and -independent signaling pathways (19, 20) . In the present study, we demonstrated that: i) the expression levels of SHP-1 are markedly decreased in patients with BP-CML or AP-CML compared with CP-CML; ii) SHP-1 reduces p210 Tumor cell line. The BCR-ABL-positive K562 cell line (maintained in our laboratory) was maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) in a humidified 5% CO 2 atmosphere at 37˚C. The cells were passed or the medium was renewed every 2 to 3 days, and the cells were prepared for experimental procedures when they reached log-phase growth and 80% confluency. Immunoblotting. Cells (10 7 ) were harvested, washed twice with ice-cold PBS and lysed in 100 µl of SDS lysis buffer [50 mM DTT, 2% SDS, 62.5 mM Tris (pH 6.8), 10% glycerin]. Lysates were centrifuged (12,000 x g, 15 min, 4˚C), denatured (10 min, 100˚C), subjected to 8-12% SDS-PAGE and electrotransferred to polyvinylidene fluoride (PVDF) membranes (0.45 µm; Millipore, Billerica, MA, USA). The membranes were blocked in 10% bovine serum albumin (BSA) at 4˚C overnight or at room temperature for 2 h and immunoblotted with antibodies (1:1,000 dilution) at room temperature for 40 min. The membranes were then incubated with horseradish peroxidase (HRP)-labeled immunoglobulin (Santa Cruz Biotechnology) at room temperature for 30 min at a 1:2,000 dilution followed by reaction using an enhanced chemiluminescence (ECL) kit (Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA). The membranes were exposed to X-ray film (Kodak, Rochester, NY USA), and protein expression was expressed as densitometric units after normalization to GAPDH levels (ImageJ).
Reagents and antibodies.

SYBR-Green-based qRT-PCR.
Mononuclear cells were isolated from the BM aspirates or peripheral blood by centrifugation on a Ficoll-Hypaque gradient. Total RNA was extracted using the TRIzol reagent (Invitrogen-Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. Total RNA (1 µg) was reverse transcribed in 20 µl using an All-in-One First-Strand cDNA Synthesis kit (GeneCopoeia Inc., Guangzhou, China), and cDNA (1 µl) was amplified using a SYBR-Green-based quantitative PCR (qPCR) reaction using an All-in-One™ qPCR Mix kit (GeneCopoeia Inc.). The qPCR conditions consisted of 35 cycles at 94˚C for 10 sec, 65˚C for 45 sec and 72˚C for 10 sec. The primer sequences are documented in Table I . The qPCR reactions were performed in triplicate using a Three-Step-with-Melt PCR system. β-actin was monitored as the housekeeping control gene for equal amplification. SHP-1 mRNA was normalized to β-actin levels to obtain the relative threshold cycle (∆Ct), and the resulting number was then related to the ∆Ct of the control gene to obtain the relative expression level ).
CrkL phosphorylation assay. Phosphorylated CrkL (pCrkL) analysis by flow cytometry was performed as previously described (21, 22) . One million cells were resuspended in 500 µl of 2% paraformaldehyde and fixed for 10 min at 37˚C, then chilled on ice for 1 min. The cells were harvested by centrifugation (770 x g, 3 min), and 500 µl of 90% methanol was added. The cells were vortexed briefly and incubated on ice for 30 min. The cells were then washed (throughout with 1 ml of incubation buffer containing phosphate-buffered saline and 0.5% bovine serum albumin), harvested and resuspended in 25 µl of incubation buffer and incubated at room temperature for 10 min. Alexa Fluor ® 488 mouse anti-CrkL (pY207) was added (3 µl), and the cells were incubated at room temperature in the dark for 30 min. The cells were washed twice and then analyzed by flow cytometry (Becton-Dickinson) using CellQuest Pro Software (Becton-Dickinson) for data analysis. The amount of pCrkL in the sample was determined as the geometric mean fluorescence intensity (MFI) minus the MFI value of the isotype control.
Methylation-specific polymerase chain reaction (MSP).
Genomic DNA was isolated, sodium bisulfite-modified and purified with the EZ DNA Methylation-Direct™ kit (Zymo Research, Irvine, CA, USA) according to the manufacturer's protocol. Primers (Table Ⅰ) were designed to detect the methylated and unmethylated sequence of the promoter region for exon 1b of the SHP-1 gene (15) . Initial denaturation at 94˚C for 3 min was followed by 40 cycles of denaturation at 94˚C for 30 sec, an annealing step at 55˚C for 1 min, an extension step at 72˚C for 1 min and a final extension step at 72˚C for 10 min. The products were separated by electrophoresis on 2% agarose gels.
Tumor cell line transfection. The lentiviral expression plasmids, pEX-SHP-1-puro-Lv105 and pEX-EGFP-puro-Lv105, were constructed and packaged by GeneCopoeia Inc. 
Results
Decreased expression of SHP-1 is associated with progression of CML.
The mRNA levels of SHP-1 in BM aspirates or peripheral blood mononuclear cells (PBMCs) from 94 (CP, 42; AP, 22; BP, 30) highly heterogeneous CML patients were assessed using SYBR Green-based relative quantitative RT-PCR. The main clinical and hematologic features of the 3 groups of patients are summarized in Table Ⅱ , and there were no significant differences in the main features among the groups. SHP-1 mRNA transcripts were significantly lower (P<0.01) in the samples from the AP and BP patients (0.79±0.36 and 0.78±0.40, respectively) compared to those from the CP patients (1.18±0.64). We observed no significant difference in SHP-1 mRNA levels between AP-CML and BP-CML patients (P=0.987) (Fig. 1A) .
We detected the expression levels of the SHP-1 protein in BM aspirate mononuclear cells from 10 cases each in three different stages of CML using immunoblotting assays; similarly, the results showed that the levels of SHP-1 protein were lower in AP-CML (0.59±0.07) and BP-CML (0.59±0.07) patient-derived mononuclear BM cells compared to CP-CML (1.02±0.13) (P<0.05) (Fig. 1B) . (Fig. 2A) .
We also observed a sharp increase in early and late stage apoptosis among the K562 SHP-1 cells, as measured by Annexin V/ PI staining and flow cytometry, and the percentage of apoptotic K562 SHP-1 cells was significantly higher than that of apoptotic K562 EGFP control cells from the third day of culture (Fig. 2B) . Notably, an accumulation of cells in the G0/G1 phase and a reduction of cells in the S phase were observed from the third day of culture for the K562 SHP-1 and K562 EGFP cells, whereas no difference was found in G2/M cell populations for K562 SHP-1 compared to K562
EGFP cells (Fig. 2C) . (Fig. 3A) . However, the levels of BCR-ABL1 mRNA were not affected in the K562 SHP-1 cells (1.32±0.34) compared to the K562 EGFP cells (1.18±0.20) (P=0.64) (Fig. 3B) . The CrkL protein is a downstream signaling substrate of p210 , and the tyrosine phosphorylation of CrkL (pCrkL) has been identified as a surrogate marker of p210 BCR-ABL1 tyrosine kinase activity in CML cells (21 (Fig. 3C) .
Overexpression of SHP-1 in K562 cells reduces p210
Effects of SHP-1 on BCR-ABL1-independent signaling pathways in K562 cells. The ability of p210
BCR-ABL1 to induce and sustain CML depends on the modulation of the expression and/ or activity of downstream signaling molecules, such as those involved in the RAS/MAPK, PI3K/AKT, MYC and JAK/ STAT pathways. Thus, we investigated whether SHP-1 affects the expression and/or activity of these molecules controlling cell growth, survival and differentiation.
At 48 h after transfection with pEX-SHP-1-puro-Lv105, the transfected cells were collected, and western blotting was performed using various specific antibodies. Expression was estimated by dividing the intensity of the bands normalized to the GAPDH loading controls by the normalized intensity of the bands from K562 EGFP control cells. Overexpression of SHP-1 resulted in a marked decrease in MYC and the phosphorylated forms of JAK2, STAT5, AKT and MAPK (P<0.01); however, the unphosphorylated forms of these molecules were not significantly affected (P>0.05) (Fig. 4) . These results indicate that AKT, MAPK, MYC and JAK2/STAT5 are downstream of SHP-1 and that SHP-1 negatively regulates AKT, MAPK, Myc and JAK2/STAT5 signaling.
To further investigate the SHP-1-mediated negative regulation of these molecules using a BCR-ABL1-independent model, we stably expressed SHP-1 in K562 cells and treated puromycin-selected K562 EGFP and K562 SHP-1 cells with 50 nM IM for 8 h. The results revealed a decrease in phosphorylated AKT, MAPK and JAK2/STAT5 in K562 SHP-1 cells in comparison to K562 EGFP cells (P<0.01) (Fig. 4) .
Decreased expression of SHP-1 due to aberrant CpG methylation of the SHP-1 promoter in both K562 cells and cells from patients with advanced CML.
To assess the function of SHP-1 in K562 cells, we initially assessed SHP-1 mRNA (Fig. 5B) .
We also analyzed whether epigenetic modifications could explain the decrease in SHP-1 levels observed in cells from patients with advanced CML. Genomic DNA obtained from primary BM samples or PBMCs from 94 CML patients (Table Ⅱ) was analyzed using MSP. The frequency of SHP-1 DNA promoter methylation at selected loci in 42 CP-CML samples was 23.8% (n=10), and methylated regions were detected in all advanced CML samples with lower SHP-1 expression (P=0.001) (Fig. 5C) . Previous studies in malignant lymphoma and multiple myeloma have implicated SHP-1 gene methylation as responsible for the marked decrease in SHP-1 levels. Our MSP analysis revealed that the SHP-1 promoter was unmethylated in all 11 normal human samples but was methylated in K562 cells. As TKIs have become first-line therapy in CML, we also investigated whether the levels of SHP-1 were affected by TKI treatment. However, treatment with IM (200 nM for 72 h) or nilotinib (150 nM for 72 h) did not modify the methylation status of SHP-1, and no SHP-1 protein was detected (Fig. 5D ).
Discussion
CML accounts for 15% of adult leukemias. The median age of disease onset is 50-60 years, although CML can occur in all age groups (23) . The oncogenic potential of p210 BCR-ABL1 has been demonstrated by the ability of this protein to transform hematopoietic progenitor cells both in vitro and in vivo. The p210 BCR-ABL1 protein becomes constitutively active as a protein tyrosine kinase and increases proliferation, affects differentiation and blocks apoptosis. CML occurs in 3 distinct phases (CP, AP and BP). Before the advent of BCR-ABL1 TKIs, all patients with CP-CML progressed spontaneously to the advanced phases of CML, and patients with BP-CML demonstrate a median survival time of approximately 6 months.
Some patients progress directly to BP without an intermediate stage. Although TKI therapy alone or in combination with conventional chemotherapy followed by allogeneic hematopoietic stem cell transplantation has improved prognosis to some degree, these responses are not durable in BP-CML (24) . Currently, the biological basis of BP is poorly understood, and reliable predictive markers that can identify those at risk of progression from CP-CML to advanced phases of CML are lacking. Gene expression profiling has shown a close correlation in the gene expression profile between CP-CML and advanced-phase CML (9) . In the present study, we found that the level of the SHP-1 phosphatase was significantly decreased in cells from patients with advanced-phase CML as well as K562 cells, and this reduction in SHP-1 levels was related to the methylation status of the SHP-1 promoter.
The SHP-1 phosphatase is considered a negative regulator of cell proliferation and differentiation through its activity in dephosphorylating growth factors and cytokine receptors, including JAK/STAT and PI3K-AKT signaling components (25, 26) . Indeed, constitutive activation of the JAK/STAT pathway contributes to the development and progression of CML (27) (28) (29) (30) (31) . SHP-1 expression has also been shown to be important for K562 differentiation in response to various differentiating inducers (19) . Thus, we suggest that loss of SHP-1 function may play a key role in the progression to blast crisis in CML. Indeed, as our previous research and studies by others have shown that SHP-1 gene mutation is infrequent in acute leukemia and mutations are not observed in CML cell lines or clinical samples (32, 33) , it is tempting to speculate that epigenetic abnormality of the SHP-1 gene may contribute to blastic transformation in CML. Previously, decreased expression of SHP-1 in the progression of CML was reported in a study that assessed expression in the BM from 30 patients with CML using RT-PCR and immunohistochemistry (33) . In the present study, we evaluated the expression of SHP-1 mRNA and protein using SYBR-Green-based qRT-PCR and western blot methods, respectively, in 94 patients with CML at different stages and explored the possible role of SHP-1 in CML progression.
When we examined BM or PB samples from patients with CML, we found that SHP-1 mRNA levels were significantly decreased in AP and BP samples compared to CP samples (0.78±0.40 and 0.79±0.36 in AP and BP, respectively, vs. 1.18±0.64 in CP), which is similar to the results of a previous study (33) . Furthermore, the expression of SHP-1 protein was lower in advanced CML compared to CP-CML. These findings suggest that with CML progression, the levels of SHP-1 mRNA and protein are markedly decreased. In agreement with our observations in the advanced stages of CML, previous studies have shown that SHP-1 mRNA and protein are markedly decreased in aggressive lymphomas, and reduced SHP-1 levels are involved in the evolution of undetermined significance into multiple myeloma (34) (35) (36) . DNA methylation is the most common mechanism of SHP-1 gene silencing in several types of hematopoietic tumors (5, 15, 16, 35, 36) . Therefore, we analyzed the frequency of SHP-1 DNA methylation in cells from patients in different phases of CML and in K562 cells by MSP and UMSP. We detected SHP-1 methylation in 23.8% (10/42) of CP-CML cells, all of the AP-CML, BP-CML and K562 cells and none of the healthy donor cells, indicating that SHP-1 promoter methylation correlates with the reduced expression of SHP-1 observed during CML progression.
To further investigate the potential mechanism by which the SHP-1 gene functions in the progression to blast crisis in CML, we stably expressed SHP-1 in the K562 cell line and showed that transfection of SHP-1 into K562 cells could result in growth suppression, enhanced apoptosis and accumulation of cells in the G0/G1 phase. p210
BCR-ABL1 transforms hematopoietic progenitor cells and plays a key role in the progression of CML, although specific PTPs that antagonize constitutively active BCR-ABL1 have not been sufficiently investigated. SHP-1 has been shown to be physically associated with BCR-ABL1 (19, 20) , and our results demonstrated that forced expression of SHP-1 slightly decreased the level of p210 BCR-ABL1 protein in K562 SHP-1 cells; however, no changes were observed for BCR-ABL1 mRNA. We also showed that the overexpression of SHP-1 inhibited the tyrosine kinase activity of BCR-ABL1, according to the levels of pCrkL. Thus, our results indicate that SHP-1 suppresses oncogenic BCR-ABL1 kinase activity without influencing its transcription. A previous study indicated that PP2A, another phosphatase and tumor suppressor, makes BCR-ABL1 prone to proteasome-dependent proteolysis (37) . Therefore, we propose that SHP-1 may also promote the degradation of BCR-ABL1 via the proteasome to decrease the level of p210 . The tumor-suppressing activity of SHP-1 depends on its ability to interact with and dephosphorylate several molecules implicated in cell cycle progression, proliferation, survival and differentiation (38) . Remarkably, several targets are shared by the BCR-ABL1 kinase and the SHP-1 phosphatase. Among these, the expression and/or activity of the SHP-1 substrates JAK/STAT, RAS/MAPK, PI3K/AKT and MYC are either essential for BCR-ABL1 leukemogenesis or have been found to be altered in CML progression (15, 22, 28, (30) (31) (32) 36, 38, 39) . Our findings showed that forced expression of SHP-1 in K562 cells led to the inhibition of JAK2, STAT5, MAPK and AKT phosphorylation and decreased MYC expression. Moreover, by treating K562 SHP-1 and K562 EGFP cells with 50 nM IM (far lower than the IC 50 concentration), we provide evidence that in CML, SHP-1 likely downregulates JAK2/STAT5, RAS/MAPK and PI3K/AKT signaling independently of BCR-ABL1 during disease progression.
In conclusion, our data demonstrate a novel BCR-ABL1-independent mechanism of CML progression and reveal the correlation between SHP-1 expression and different phases of CML. SHP-1 most likely plays an important role in modulating the activation state of BCR-ABL1-dependent and -independent pathways as well as CML blastic transformation. Thus, the analysis of SHP-1 levels and the methylation status may be useful as an indicator of CML progression, although our results should be validated in a larger cohort of patients. Together, our findings suggest that SHP-1 may be used for the early assessment of blastic transformation in patients with CML and may also better tailor targeted therapy.
